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I.  INTRODUCTION 


Propellant  formulations  with  improved  performance  are  required  for 
Strategic  Defense  Initiative  applications.  There  is  a  particular  need  for 
non-metal  containing  propellants  with  increased  specific  impulse  (Isp)  for 
rocket-propelled  kinetic  energy  weapons  as  higher  Isp  would  reduce  the 
minimum  effective  mass  of  the  projectiles.  An  approach  that  has  been 
taken  to  meet  the  Isp-intensive  needB  of  SDI  applications  is  based  on  the 
intrinsic  energy  that  would  be  released  during  combustion  of  energetic 
cubane  derivatives.  These  advanced  materials  rely  on  the  high  thermo¬ 
dynamic  strain  energy^  and  inherent  high  density^  of  cubane  (known  to 

q 

be  greater  than  166  Kcal/mole  and  1.3  g/cm  for  the  unsubstituted  hydro¬ 
carbon).  In  addition,  cubane  derivatives  have  excellent  thermal  stability 
making  them  ideal  candidates  for  incorporation  into  advanced  propellant 
and  explosive  formulations.  The  strain  energy  is  expected  to  add 
significantly  to  the  performance  of  cubane  derivatives  containing  either 
ring  or  side-chain  energetic  functional  groups. 

The  most  readily  accessible  starting  material  for  the  synthesis  of 
energetic  cubanes  is  cubane-l,4-dicarboxylic  acid.  Functional  group 
transformations  have  yielded  energetic  derivatives,  such  as  1,4-dinitro- 

o  q 

cubane6  and  l,4-bis(N,N-dinitroamino)cubane  ,  demonstrating  the  feasibili¬ 
ty  of  synthesizing  stable,  energetic  cubane  compounds.  The  dinitramino- 
cubane  is  stable  above  200*C  as  indicated  by  DSC.  However,  to  realize  im¬ 
proved  performance  for  SDI  applications  requires  oxygen  balance  at  least 
to  the  CO  level.  Cubane-l,2,4,7-tetracarboxylic  acid  is  available  through 
metallation  chemistry  of  cubane-l,4-dicarboxylic  acid  derivatives  and 
provides  an  attractive  source  of  oxygen-balanced  propellant  ingredients. 
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The  development  of  a  facile  synthesis  of  the  tetrafunctional  derivatives  is 
needed  to  allow  rapid  preparation  of  significant  quantities  of  propellants 
based  on  an  energetic  cubane  derivative  for  performance  testing  in  a 
demonstration  motor.  In  addition,  ready  availability  of  tetrafunctional 
cubane  derivatives  will  encourage  commercial  applications  in  polymers  and 
pharmaceuticals.^ 

In  1987,  a  consortium  of  investigators  at  the  University  of  Chicago, 
SRI,  and  Morton  Thiokol,  Inc.  was  formed  to  extend  the  practical  synthesis 
of  energetic  cubane  derivatives.  Based  on  theoretical  calculations,  a 
number  of  targets  was  identified,  of  which  cubane-l,2,4,7-tetraammonium 
tetraperchlorate  was  selected  as  the  most  accessible  for  initial  C  testing. 
Other  tetrafunctional  cubane  oxidizers  with  energetic  groups  were  also 
predicted  to  have  improved  performance.  These  groups  are  N,N-dinitro- 
amino,  perchlorate  esters,  nitrate  esters,  N,N-difluoramino,  N-fluoro-N- 
nitroamino  and  N-(2,2,2-trinitroethyl)-N-nitroamino.  Calculations  of  the 
densities  and  energetic  properties  of  these  materials  are  found  in  Figures 
19-23.3 

All  of  these  advanced  materials  potentially  can  be  prepared  from  a 
common  precursor,  cubane-l,2,4,7-tetracarboxylic  acid.  The  objective  of 
the  present  Phase  I  program  was  development  of  a  route  suitable  for 
kilogram  scale  preparations  of  cubane- 1,2, 4, 7-tetracarboxylic  acid. 

II.  RESULTS  AND  DISCUSSION 

Cubane- 1, 4-diacid ^  was  first  prepared  by  Eaton  as  a  key  inter¬ 
mediate  in  his  synthesis  of  the  parent  hydrocarbon,  cubane.  This  diacid 
is  actively  being  investigated  in  many  laboratories  as  the  synthetic 
starting  point  for  the  application  of  cubane  technology  to  fuels,  energetic 
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materials,  binders,  and  liquid  gun  propellants.  Fluorochem,  Inc.  has  been 
involved  in  a  program  of  process  development  of  the  multi-step  synthesis 
required  to  make  this  starting  material. 

During  the  present  program,  the  conversion  of  cubane-1, 4-diacid  to 

n 

cubane-l,2,4,7-tetraacid  was  explored.  All  known  methods  for  this 
transformation  require  conversion  of  the  diacid  to  a  diamida,  "ortho" 
lithiation  with  lithium  tetramethylpiperidine  (LiTMP),  trapping  the  anions 
by  metal-metal  interchange,  carbonation  with  carbon  dioxide,  and  removal 
of  the  amide  groups.  Earlier  routes  involved  two  barriers  to  scale  up: 
first  environmentally  hazardous  mercury  or  zinc  salts  were  used  in  the 
metal-metal  interchange  reaction,  and  second,  amide  removal  was  carried 
out  by  reduction  with  lithium  aluminum  hydride  and  subsequent  oxidation 
with  potassium  permanganate. 

The  first  problem  was  overcome  by  the  use  of  magnesium  bromide®  in 
the  exchange  reaction.  Although  Grignard  reagents  alone  will  not  "ortho" 
metallate  the  cubyl  amides,  a  mixture  of  excess  LiTMP  and  magnesium 
bromide  dimetallates  the  cubane  ring  in  high  yield.  Unlike  the  mercury  or 
zinc  procedures,  this  reaction  can  be  scaled  up  to  10  g  without  significant 
loss  in  yield.  The  use  of  magnesium  Balts  provides  no  environmental 
problems. 

The  second  problem  was  overcome  by  replacing  the  previously  used 
di-j-propylamino  groups  in  the  amide  with  t-butylethylamino  groups.®  It 
is  known  that  Jt-butyl  groups  may  be  removed  easily  by  acid  catalysis, 
and  this  method  has  proven  successful  in  the  cubane  system.  After 
metallation  and  carboxylation  of  cubane-1, 4-bis(N-t-butyl-N-ethyl- 
carboxamide),  the  amide  groups  from  the  intermediate  diamide  diacid  could 
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be  hydrolyzed  by  nitric  acid.  The  5  stop  preparation  of  tetraacid  from 
diacid  is  summarized  in  Scheme  I. 


Step  1.  Synthesis  of  Cubane-l,4-dicarboxylic  Acid  Chloride  from 
cu  bane- 1, 4-dicarboxylic  acid.  Cubane-l,4-dic.arboxylic  acid  chloride  is 
unstable  thermally  and  above  100°C  can  decompose  explosively.  It  iB 
moisture  sensitive  and  its  low  solubility  makes  purification  by  recrystal- 
lization  difficult.  Therefore  it  was  necessary  to  use  high  purity  cubane- 
1, 4-diacid.  Prior  to  this  study,  cu bane-1, 4-dicarboxylic  acid  was  con¬ 
verted  to  the  dimethyl  ester  for  purification.  The  diester  was  recrystal¬ 
lized  and  then  hydrolyzed  with  base  to  regenerate  the  diacid.  Since  both 
the  esterification  and  the  hydrolysis  steps  gave  yields  of  60  to  80%,  this 
transformation  resulted  in  substantial  losses  of  starting  materials. 
Subsequently,  a  method  was  sought  to  isolate  the  pure  diacid  from  itB 
crude  preparation  mixture  without  este.rification.  The  solubility  of 
cunane-1, 4-dicarboxylic  acid  in  common  solvents  was  investigated  and  is 
shown  in  Table  I. 


TABLE  I.  SOLUBILITY  OF  CUliANE  1,4  DICARBOXYLIC  ACID 


Solvent 

Solubility 

g/L 

Comments 

THF 

>14 

a 

Acetone 

4 

a 

Ethyl  Acetate 

1.3 

a 

Acetonitrile 

0.95 

a 

Diethyl  Ether 

0.90 

b 

Diehl orome thane 

0.30 

c 

Solubility  at  25 °C  of  a  Saturated  Solution 

a.  Dissolves  impurities 

b.  Partially  dissolves  impurities 

c.  Does  not  dissolve  impurities. 
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it  was  found  that  the  crude  diacid  could  be  purified  by  washing  with 
cold  acetone  or  ethyl  acetate.  Cu bane- 1,4-diacid  has  a  low  solubility  in 
these  solvents,  but  the  organic  impurities  are  readily  extracted  leaving 
essentially  pure  diacid.  In  some  cases,  the  crude  reaction  product 
contained  sodium  bromide  or  sodium  chloride.  These  inorganic  salts  were 
removed  by  dissolving  the  diacid  in  aqueous  base,  filtering,  and  precipita¬ 
ting  with  hydrochloric  acid.  Diacid  purified  in  this  manner  was  suitable 
for  conversion  to  the  diacid  chloride. 

Reaction  of  cubane  diacid  with  phosphorus  pentachlorida  in  dichloro¬ 
benzene  or  with  neat  thionyl  chloride  gives  the  cubane  diacid  chloride. 

The  low  solubility  of  the  diacid  in  dichlorobenzene  resulted  in  long 
reaction  times  and  poor  yields.  Thus,  the  thionyl  chloride  method  was 
used  for  this  program.  Freshly  distilled  thionyl  chloride  was  required  to 
avoid  incomplete  reaction  and  colored  products.  Optimum  reaction  times  of 
14  hours  of  reflux  in  excess  thionyl  chloride  were  found  to  give  nearly 
quantitative  yields.  The  excess  thionyl  chloride  wes  removed  by  vacuum 
distillation  to  avoid  subjecting  the  product  to  excessive  heat. 

The  diacid  chloride  is  moisture  sensitive,  and  reconverts  on  standing 
in  air  to  the  diacid.  No  purification  appears  feasible  but  the  crude  diacid 
chloride  could  be  used  directly  in  the  preparation  of  the  bisamide. 

Analysis  by  NMR  (Figure  1)  was  used  differentiate  the  diacid  chloride 
(singlet  at  5  4.48)  from  the  starting  diacid  (singlet  at  5  4.10).  The 
preparation  of  the  diacid  is  summarized  in  Table  II. 
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TABLE  II.  PREPARATION  OF  DIACID  CHLORIDE  FROM  PI ACID. 


Run  I 


# 

g 

(mol ) 

1 

100 

(0.51) 

2 

24 

(0.125) 

3 

22 

(0.114) 

4 

22 

(0.114) 

5 

95 

(0.49) 

6 

200 

(1.04) 

7 

100 

(0.51) 

bL  Thionyi  Time 
Chloride  h 

a  13 

50  4 

60  5 

70  5 

200  4 

250  12 

200  14 


Temp 

Yield 

*C 

g  (%) 

rt 

25  (38) 

90 

25.5  (90) 

80-90 

22.5  (84) 

80-90 

18  (82) 

80-90 

90  (80) 

80-90 

190  (80) 

95 

116  (97) 

a.  180  g  of  PC15  in  500  mb  of  o-dinhlorobenzene 


Step  2.  Preparation  of  cubane-l,4-bia(N-t-butyl-N-ethylcarbox- 
amide).  Cubane-l,4-bis(N-t-butyl-N-ethylcarboxamide)  was  prepared  by 
reaction  of  cubane-1, 4-acid  chloride  with  t-butylethylamine  and  triethyl- 
amine.  Jt-Butylethylamine  is  not  commercially  available,  and  has  been 
prepared  previously  in  50%  yield  from  t^butylnmine  and  ethyl  bromide.*® 
We  found  that  material  prepared  in  this  manner  was  contaminated  with  t- 
butylamine  and  t-butyldiethylamine  which  could  not  be  removed  by 
distillation.  The  presence  of  unreacted  ^-butylamine  led  to  the  formation 
of  ^.-butylamides  thus  lowering  the  yield  of  the  bis(t-butylethylamide).  We 
developed  an  alternative  high  yield  preparation  of  t-butylethylamine  by 
the  reaction  of  t-butylamine  with  diethyl  Bulfate  in  aqueous  sodium 
hydroxide.  The  crude  amine  was  starred  over  solid  potassium  hydroxide 
for  24  hours  and  then  diatilled.  This  procedure  gave  pure  amine  from 
inexpensive  materials  and  was  scaled  up  to  1.4  kg  during  this  program 
(Table  ITT).  The  purity  of  the  mr.terial  was  determined  by  NMR  and  glc 
analysis  (Figures  2-4). 
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TABLE  III.  PREPARATION  OF  T-BirfYLETHYLAMINE . 


Run 

t-BuNH 

EtBr 

Et  SO 

Time 

Yield 

# 

g  (mol) 

g  (mol) 

g  (mol) 

h 

g  (%) 

1 

154  (2.1) 

149  (1.3) 

12 

60  (58) a 

2 

580  (8) 

610  (6.6) 

15 

245  <60)a 

3 

430  (5.8) 

1  kg  '6.4) 

1 

390  (65) 

4 

1.9  kg  (26) 

4  kg  (26) 

4 

1400  (53) 

Isolated  yield  distilled  from  KOH 
a.  98%  by  glc;  contained  2%  t-butyl amine. 


The  reaction  of  t-butylethylamine  with  cubane  diacid  chloride  in  gave 
the  bisamide  in  56-98%  yield  (Table  IV).  Two  moles  of  triethylamine  was 
used  to  remove  the  hydrogen  chloride  formed.  Reactions  run  in  methylene 
chloride  gave  higher  yields  than  those  run  in  chloroform.  The  bisamide 
was  purified  by  recrystallization  from  ethyl  acetate.  Several  batches  of 
175-200  g  were  prepared.  Highest  yields  were  obtained  with  reaction 
times  of  over  50  hours.  Analytical  techniques  using  NMR,  and  melting 
point  by  DSC  were  developed  to  monitor  the  purity  of  the  material. 


TABLE  IV.  CUBANE- 1.4 -BIS  ( N-T-B171YL-N-ETHYLCARBOXAMIDE ) . 


Run 

Diacid 

t-BuEtNH2 

Et  N 

Solvent 

Time 

Yield 

# 

Chloride 
g  (mol) 

g  (mol) 

g  ^mol) 

raL 

h 

g  (%) 

1 

60  (0.28) 

57  (0.57) 

68  (5.7) 

500a 

48 

20  (21) 

2 

25  (0.11) 

40  (0.4) 

40  (0.4) 

250a 

3 

29  (72) 

3 

11  (0.05) 

10.6  (0.1) 

10.6  (0.1)  300b 

3 

10  (70) 

4 

155  (0.65) 

146  (1.4) 

146  (1.4) 

1000b 

12 

175  (62) 

5 

118  (0.5) 

115  (1.1) 

115  (1.1) 

500b 

12 

200  (56) 

6 

114  (0.49) 

121  (1.2) 

121  (1.2) 

1000b 

54 

178  (98) 

Reactions  run  at  25 °C 

a.  CHC1 

b.  CH2Cl2 
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Step  3.  Lithiation  of  the  Bisamide.  Unlike  other  metal  salts  previous¬ 
ly  investigated  for  the  transmetallation  reactions  of  lithioted  cubane 
derivatives,  the  magnesium  salts  do  not  precipitate  from  solution.  Dif¬ 
ficulties  from  heterogeneity,  often  encountered  in  scale  up  of  organometal- 
lic  reactions,  will  therefore  be  minimized.  However,  other  typical  problems 
associated  with  the  handling  of  air  and  moisture  sensitive  materials  are 
not  avoided. 

The  metal  transfer  reagent  used  in  the  metallation  reaction  in  large 
excess  is  2,2,6,6-tetramethylpiperidine  (TMP).  TMP  was  reacted  with  butyl 
lithium  in  THF  at  low  temperature  (-78°C)  to  give  the  lithium  salt  (LiTMP). 
Although  this  reaction  was  quantitative  and  trouble-free  in  the  small  scale 
reactions  of  this  program,  mixing  and  temperature  control  in  this 
exothermic  reaction  is  critical  and  may  be  difficult  on  scale  up. 

Deuterium  exchange  studies  by  NMR  (Figure  5)  showed  that  when 
LiTMP  and  the  bisamide  were  allowed  to  react  for  several  hours  before  the 
addition  of  the  magnesium  salts  no  significant  reaction  occurs  prior  to  the 
addition  of  the  magnesium  salts.  As  a  result,  the  amide  and  these  salts 
are  now  added  together  in  bulk.  An  excess  of  LiTMP  was  required  for 
dilithiation.  In  reactions  containing  a  10  mole  excess,  the  dilithiation 
reaction  was  complete  after  2  hours;  a  7  mole  excess  required  24  hours 
and,  with  less  than  5  mole  excess,  only  mono-lithiation  occurred. 

The  magnesium  bromide  salts  for  the  transmetallation  reaction  also 
were  required  in  excess  and  a  5  mole  excess  was  found  to  give  the  highest 
yields.  Previously  tetramethylethylene  diamine  (TMEDA)  was  used  to 
chelate  the  magnesium  saltB  into  solution.  We  have  found  that  this 
material  is  not  needed  with  the  t-butylethylnmide. 
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The  use  of  other  bases  to  replace  LiTMP  was  studied  briefly.  The 
lithium  salt  of  t-butylethylamine  did  not  appear  to  deprotonate  the 
bisaraide  as  indicated  by  lack  of  deuterium  incorporation  upon  quenching 
with  deuterium  oxide.  Lithium  di-d-propylamide  effectively  deprotonated 
the  cubane  ring,  but  at  a  substantially  slower  rate  with  36  hours  required 
for  complete  dilithiation.  The  longer  reaction  times  may  be  justified  by 
the  reduced  reagent  cost. 

Although  TMP  is  commercially  available  from  Aldrich  Chemical  Co.,  it 
is  expensive.  As  part  of  Phase  I,  procedures  were  developed  to  syn¬ 
thesize  TMP.  Ammonia  and  acetone  were  reacted  using  calcium  chloride  as 
a  dehydrating  agent  to  give  triacetone  amine  which  was  converted  to  TMP 
in  30%  yield  on  a  3  kg  scale  by  Wolff-Kischner  reduction  with  hydrazine.11 

Step  4.  Carboxylation  of  the  Dilithiated  Cubane  Intermediate.  The 
carboxylation  reaction  of  the  metallated  bisamide  with  carbon  dioxide  gas 
was  quite  slow  usually  requiring  3-12  hourB  (see  Table  V.)  Attempts  to 
react  the  dilithiated  intermediate  with  ethyl  chloroformate  were  unsuc¬ 
cessful.  Isolation  of  the  diamide  diacid  presented  some  difficulty  since 
the  t-butyl  group  could  be  easily  cleaved  in  acid  to  give  an  oily  product 
which  was  difficult  to  isolate.  A  procedure  was  developed  to  separate  this 
intermediate  product  from  solvent,  residual  TMP  and  inorganic  salts.  First 
the  solvents  and  excess  amines  were  removed  under  vacuum  (0.1  torr)  at  a 
maximum  temperature  of  40’C.  The  residue  was  dissolved  in  a  minimum 
amount  of  water  and  carefully  acidified  and  the  product  wbb  isolated  by 
filtration.  The  IR,  %  and  NMR  spectra  of  the  bisacid  bisamide  are 
shown  in  Figures  6-8.  In  some  runB,  monoacid  bisamide  and  starting 
bisamide  were  observed,  possibly  due  to  incomplete  reaction  or  the 
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presence  of  water  in  the  carbon  dioxide.  These  impurities  did  not  survive 
the  acid  hydrolysis  in  the  next  step.  The  yield  of  this  step  web  50-60%, 
but  in  most  reactions  this  intermediate  was  not  isolated,  and  the  crude 


carbonated  materials  were  taken  directly  through  the  acid  hydrolysis  to 


the  final  tetraacid. 


TABLE  V. 

CURANE- 

■1 , 4-BISAOID- 

-2.7-BISAMIDE 

Run 

Bisamide 

Limp 

MgBr 

THF 

CO 

Yield 

# 

g  (mol) 

mol 

mol 

mL 

h* 

g  (%) 

1 

10  (0.28) 

0.28 

0.14 

600 

3 

6.5  (52) 

2 

9.3  (0.026) 

0.28 

0.14 

500 

5 

7.5  (60) 

3 

10  (0.28) 

0.33 

0.19 

700 

3 

0.0  (0)  a 

4 

10  (0.28) 

0.33 

0.19 

800 

3 

11.0  b 

5 

10  (0.028) 

0.28 

0.14 

600 

24 

3.0  (39)c 

6 

10  (0.028) 

0.28 

0.14 

600 

3 

4.0  (51 )c 

7 

10  (0.028) 

0.28 

0.14 

800 

3 

3.0  (39)c 

8 

9.3  (0.026) 

0.28 

0.14 

700 

3 

5.0  (64 )c 

9 

50  (0.138) 

1.03 

0.57 

1.6  L 

3 

17.5  (46)c 

10 

32  (0.088) 

0.88 

0.44 

1.5  L 

12 

10.0  (42)c 

a.  Oxidized  TMP  from  old  bottle  was  used 

b.  Contained  10-15%  monoacid. 

c.  yield  of  Tetraacid  after  oxidation 


Step  5.  Hydrolysis  of  the  bisacid  bisamide.  Acid  hydrolysis  of  the 
biBacid  bisamide  gave  pure  cubane-l,2,4,7-tetracarboxylic  acid. 

Presumably,  impurities  are  destroyed  by  the  acid.  Although  100%  nitric 
acid  was  used  initially,  70%  nitric  acid  was  found  to  be  satisfactory  and 
was  used  in  most  reactions.  Reaction  times  of  4-12  hours  were  necessary 
for  complete  reaction.  The  acid  hydrolysis  in  70%  nitric  acid  resulted  in 
50-60%  yields  (Table  VI).  Neither  dilute  or  concentrated  hydrochloric  acid 
was  effective  in  catalyzing  the  hydrolysis.  The  tetraacid  was  isolated 
directly  upon  cooling  and  was  essentially  pure  after  drying  (Figure  9).  If 


11 


further  purification  is  necessary,  the  tetraacid  can  be  converted  to  the 
tetraroethyl  or  tetraethyl  ester  (Figures  11-14).  The  tetraester  can  then 
be  recrystallized  and  hydrolyzed  back  to  the  tetraacid. 


TABLE  VI .  CUBANS- 1.2.4, 7 -TETRACARBOXYLIC  ACID . 


Run 

Bisamide 

HNO 

Time 

yield 

# 

g  (nmol) 

mL  <%) 

h 

g  (%> 

1 

10  (28) 

240  (90) 

5 

3.0  (39)a 

2 

10  (28) 

100  (70) 

5 

4.0  (51.2)a 

3 

10  (28) 

30  (90) 

12 

3.0  (39)a 

4 

9.3  (26) 

20  (90) 

4 

5.0  (64 )a 

5 

50  (138) 

120  (70) 

5 

17.5  (46)a 

6 

32  (88) 

110  (50) 

12 

10.0  (42)a 

7 

1.4  (3.1)b 

30  (70) 

12 

0.6  (68.5)c 

a.  Isolated  yield  based  on  Bisamide 

b.  Bisamide  Bisacid 

c.  Yield  of  Hydrolysis  step  only 


Based  on  the  Phase  I  results,  it  appears  the  tetraacid  prepared  by 
the  current  method  will  be  pure  enough  for  direct  conversion  to  the 
tetraamine.  The  isolated  tetraacid  showed  no  impurities  by  and 
NMR  analysis  (Figure  9.  The  DSC  of  the  tetraacid  (Figure  16)  showed  a 
sharp  decomposition  point  at  268*C  and  a  small  exothermic  transition  at 
206*C.  The  DSC  of  cubane-l,4-diocid  (Figure  15)  shows  a  similar  sharp 
decomposition  exotherm  at  246" C  and  a  smaller  unexplained  exotherm  at 
220°C.  TGA  analysis  revealed  that  the  diacid  is  stable  in  air  up  to  200*C 
with  an  onset  of  decomposition  of  226'C  (Figure  17).  However,  the  TGA  of 
the  tetraacid  shows  slow  decomposition  above  room  temperature,  2%  weight 
loss  at  100*C,  5%  at  200*C  and  the  onset  of  major  decomposition  above 
250*C  (Figure  18). 
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The  tetraacid  was  converted  with  thionyl  chloride  to  the  tetraacid 
chloride  in  95%  yield.  Esterification  of  the  tetraacid  in  acidic  methanol 
gave  the  tetramethyl  ester  in  66%  yield  (Figures  11,  12).  The  tetraethyl 
ester  was  similarly  isolated  in  98%  yield  (Figures  13,  14). 

III.  EXPERIMENTAL12 

Cubane-1, 4-dicarboxylic  Acid  from  the  Favorskii  Mixture.  A  mixture 
of  crude  cubane-1, 4-diacid  and  salt  (800  g)  (obtained  from  the  filtration  of 
an  acidified  Favorskii  reaction  mixture  resulting  from  1  kg  of  cage’  dione) 
was  stirred  with  10%  aqueous  NaOH  (600  mL)  for  0.5  h  and  filtered.  The 
filtrate  was  acidified  by  dropwise  addition  of  cone  HC1.  The  solid  was 
filtered,  and  washed  with  cold  water  (3  x  50  mL)  and  cold  acetone  (3  x  50 
mL),  and  dried  at  ambient  temperature  in  vacuo  (0.5  torr)  to  give  175  g 
(30%  based  on  cage  dione)  of  95%  pure  cubane-1, 4-dicarboxylic  acid  (by 
titration  with  standard  NaOH)  as  a  white  powder,  mp  225°C:  1H  NMR  (DMSO- 
d6)  S  4.09  (s). 

Cubans- 1,4-diacid  Chloride.  A  mixture  of  cubane-1, 4-dicar  boxy  lie 
acid  (100  g,  0.52  mol)  and  freshly  distilled  SOCI2  (326  g,  2.7  mol)  was 
refluxed  under  N2  for  14  h  to  give  a  homogeneous  solution.  The  excess 
thionyl  chloride  was  removed  under  reduced  pressure.  The  residue  was 
extracted  sequentially  with  toluene  (50  mL)  and  CCI4  (50  mL),  filtered  and 
dried  to  give  116  g  (97%)  of  cubane-1, 4-diacid  chloride,  aB  a  white  solid, 
mp  135*C:  5  XH  NMR  (CDCI3)  4.48. 

Cubane-1, 4-bis(N-t-butyl-N-ethylcarboxamide)  (Bisamide).  A  solution 
of  cubane-1, 4-dicarboxylic  acid  chloride  (114  g,  0.49  mol)  in  dichloro- 
methane  (1000  mL)  was  cooled  to  0*C  and  a  mixture  of  triethylamine  (121  g, 
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1.3  mol)  and  t-butylethylamine  (121  g,  1.2  mol)  was  added  dropwise.  This 
mixture  was  stirred  at  room  temperature  for  48  h  and  the  solvent  was 
removed  in  vacuo.  The  residue  was  extracted  with  water  (3  x  100  mL)  and 
acetone  (3  x  80  mL)  and  dried  to  give  178  g  (98%)  of  cubane-1, 4-bis(N-t- 
butyl-N-ethylcarboxamide),  as  a  white  solid,  mp  185*C:  IR  (KBr)  3050,  1620, 
1400,  1220  cm'1;  NMR  (CDCI3)  S  4.27  (s),  3.14  (q),  1.55  (a),  1.22  (t);  13C 
NMR  S  171,  59.7,  66.6,  40.7,  30.1,  20.09,  18.7.  Anal.  Calcd  for  C, 

73.7;  H,  9.49.  Found:  C,  73.39;  H,  9.48. 

Cubane-1, 4-bis(N-t-butyl-N-ethylcarboxamide)-2, 7-dicar  boxylic  acid 
(Bisacid  Bisamide).  A  solution  of  lithium  2,2,6,6-tetramethylpiperidide 
(LiTMP)  was  prepared  by  the  dropwise  addition  under  N2  of  n-butyl 
lithium  in  hexane  (111  mL,  0.26  mol)  to  a  stirred  solution  of  2,2,6,6-tetra- 
methylpiperidine  (39  g,  0.277  mol)  in  THF  (500  mL,  freshly  distilled  from 
sodium  benzophenone  ketal)  at  a  rate  Buch  that  the  internal  temperature 
did  not  exceed  -50'C.  This  solution  was  warmed  to  0*C  and  was  Btirred 
for  3  h  with  cubane-1, 4-bis(N-t-butyl-N-ethylcarboxamide)  (9.5  g,  26.5 
mmol)  and  magnesium  bromide  etherate  (35  g,  139  mmol)  and  then  allowed 
to  stand  at  -15°C  for  48  h.  Carbon  dioxide  gas  wac  passed  through  the 
cooled  solution  for  5  h  during  which  time  the  temperature  rose  to  ambient. 
The  solvent  was  evaporated  in  vacuo  at  40*C  and  the  residue  was  sus¬ 
pended  in  water  (500  mL)  at  0CC  and  cone.  HC1  (100  mL)  was  added  in  5 
portions  resulting  in  a  pH  of  3.  The  precipitate  was  removed  by  filtration, 
washed  with  water  (2  x  10  mL),  and  dried  at  ambient  temperature  (0.1 
torr)  to  give  7.5  g  (60%)  of  cubane-1, 4-bis(N-t-butyl-N-ethylcarboxamide)- 
2,7-dicarboxylic  acid  as  an  off-white  solid,  rap  241*C:  IR  (KBr)  3050,  1725, 
1550,  1490,  1200,  1020  cm"1;  NMR  (CDCI3)  6  4.57  (s,  4  H),  3.7  (q,  J  =  7  Hz, 
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4  H),  1.48  (8,  18  H),  1.28  (t,  J  =  7  Hz,  6  H);  13C  NMR  (CDC13)  5  172.0,  171.0, 
61.2,  59.1,  56.7,  51.1,  39.8,  28.2,  18.4.  Anal.  Calcd  for  C24H34N206:  C,  64.39; 

H,  7.16;  N,  6.28.  Pound:  C,  64.28;  H,  7.47;  N,  6.21. 

Cubane-l,2,4,7-tetracarboxylic  Acid  from  BiBamide.  A  solution  of 
LiTMP  (1.05  mol)  in  THP  (1.6  L)  (prepared  ae  described  above),  cubane- 
l,4-bis(N-_t-butyl-N-ethylcarboxamide)  (50  g,  138  mmol)  and  magnesium 
bromide  etherate  (143  g,  570  mmol)  was  Btirred  under  N2  at  0°C  for  2  h. 
Carbon  dioxide  was  passed  through  the  solution  for  3  h  and  the  tempera¬ 
ture  was  allowed  to  rise  to  ambient.  The  solvent  was  evaporated,  the 
residue  suspended  in  an  ice-water  mixture  (1.5  kg),  and  a  pH  of  3  attained 
by  addition  of  cone  HC1  (160  mL).  The  mixture  was  filtered  and  the  crude 
solid  dissolved  in  cold  cone  HNO3  (120  mL,  70X).  The  acid  solution  was 
refluxed  for  5  h,  cooled  and  filtered.  The  solid  was  washed  with  aceto¬ 
nitrile  (3  x  10  mL)  to  give  17.5  g  (46%)  of  cubane-l,2,4,7-tetracarboxylic 
acid  as  a  white  solid,  mp  265*C  (dec):  IR  (KBr)  3200  (br),  1740,  1600,  1460, 
1300,  1230,  1205,  1120,  880  cm-1;  !H  NMR  (DMS0-d6)  5  4.27  <s)  13C  NMR 
(acetone-d6,  D20)  5  173,  56.13,  47.78. 

Cubane-l,2,4,7-tetracarboxylic  Acid  from  Bicacid  Bisamide.  Solid 
cubane-l,4-bis(N-t-butyl-N-ethylcarboxamide)-2,7-dicarboxylic  acid  (1.4  g, 
3.14  mmol)  was  added  to  cone  HNO3  (30  mL,  70%)  at  0*C  and  the  solution 
was  then  heated  at  reflux  for  12  h.  The  resulting  mixture  was  cooled, 
filtered  and  the  solids  washed  with  acetonitrile  (2  x  10  mL)  to  give  0.6  g 
(68%)  of  cubane-l,2,4,7-tetracarboxylic  acid  as  a  white  solid,  mp  265*C 
(dec)  identical  to  that  prepared  above. 

Cubane-l,2,4,7-tetracarboxylic  Acid  Chloride.  A  mixture  of  cubane- 

I, 2,4,7-tetracarboxylic  acid  (1,0  g,  3.6  mmoles)  and  freshly  distilled  thionyl 
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chloride  (25  mL)  was  stirred  and  refluxed  for  6  h  to  give  a  homogeneous 
solution.  The  thionyl  chloride  was  removed  in  vacuo  (0.5  torr)  and  the 
residue  was  recrystallized  from  dry  toluene  to  give  1.2  g  (95%)  of  cubane- 
1,2,4,7-tetracarboxylic  acid  chloride,  mp  132*C  (DSC):  NMR  (CDCI3)  6 

4.8.  Anal.  Calcd  for  C16H4C1404:  C,  40.7;  H,  1.13;  Cl,  40.06.  Found:  C,  49.79; 

H,  1.31;  Cl,  38.84. 

Tetramethyl  Cubane-l,2,4,7-tetracarboxylate.  A  suspension  of 
cubane-l,2,4,7-tetracarboxylic  acid  (7.6  g,  27  mmoles)  in  methanol  (150  mL) 
and  trifluoromethanesulfonic  acid  (1.0  g,  6.7  mmol)  was  refluxed  for  4  h 
until  a  homogenous  solution  formed.  The  cooled  solution  was  diluted  with 
a  saturated  NaHCOg  solution  (150  mL)  and  extracted  with  CH2CI2  (3  x  50 
mL).  The  combined  organic  extracts  were  dried  (Na2S04)f  evaporated  and 
the  residue  recrystallized  from  C^C^/hexane  (1:4.5)  to  give  6.0  g  (68%)  of 
tetramethyl  cubane-l,2,4,7-tetracarboxylate  as  a  white  solid,  mp  180’C:  IR 
(KBr)  3050,  1720,  1450,  1320,  1220,  1020  cm'1;  *H  NMR  (CDCI3)  5  4.47  (s,  4 
H),  3.8  (b,  12  H);  13C  NMR  (CDCI3)  5  168.45,  55.89,  51.97,  47.39. 

Tetraethyl  Cubane-l,2,4,7-tetracarboxylate.  A  suspension  of  cu bane- 

I,  2,4,7- tetracarboxylic  acid  (0.7  g,  2.5  mmoles)  in  ethanol  (20  mL)  and 
trifluoromethanesulfonic  acid  (1  drop)  was  refluxed  for  6  h.  The  solvent 
was  removed  in  vacuo  and  the  residue  dissolved  in  CH2CI2  (20  mL),  and 
washed  with  water  (2  x  15  mL).  The  organic  layer  was  dried  (Na2S04)  and 
the  solvent  was  evaporated  to  give  1.0  g  (98%)  of  tetraethyl  cubane- 
1,2,4,7-tetracarboxylate  aB  a  white  solid,  mp  86®C:  IR  (KBr)  3050,  1720, 

1320,  1220,  1040  cm-1;  XH  NMR  (CDCI3)  5  4.45  (s,  4  H),  4.18  (q,  J  =  7  Hz,  8 
H),  1.27  (t,  J  =  7  Hz,  12  H). 

t-Butylethylamine.  A  mixture  of  50%  KOH  (475  mL),  water  (200  mL) 
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and  J,-butylamine  (431  g,  6.89  moles)  was  cooled  to  0*0  and  diethyl  sulfate 
(1000  g,  6.48  moles)  was  added  with  rapid  stirring  over  1  h.  The  organic 
layer  was  separated,  stirred  over  solid  KOH  for  16  h,  filtered  and  distilled 
from  CaH2  to  give  390  g  (66%)  of  t-butylethylamine,  b.p.  81-85*0,  NMR: 
2.6  (q,  J  =  7  Hz,  2  H);  1.1  (s,  9  H);  1.15  (t,  J  =  7  Hz,  3  H). 

2,2,6,6-Tetramethylpiperidine.  Ammonia  gas  (1400  g,  82  mol)  was 
added  to  a  stirred  suspension  of  acetone  (12.5  kg,  215  mol)  and  calcium 
chloride  (4  kg)  over  48  hours  at  a  rate  such  that  the  temperature  was 
maintained  below  40*0.  The  solvent  was  removed  at  30-40*0  (30  torr)  and 
a  10%  aqueous  NaOH  solution  (5  L)  was  added.  The  organic  layer  was 
decanted  and  the  water  extracted  with  CH2CI2  (3x2  L).  The  organic 
materials  were  combined  and  solvent  evaporated  to  give  8.5  kg  of  crude 
triacetone  amine. 

A  solution  of  the  crude  triacetone  amine  (8.5  tg),  hydrazine  hydrate 
(10  kg),  KOH  (9.3  kg)  in  polyethylene  glycol  (carbowax  400,  80  L)  was 
heated  at  135*0  for  two  hours  and  then  the  temperature  was  slcwly 
increased  to  180*0.  The  two-phased  distillate  was  extracted  with  CH2CI2 
(2x2  L),  separated,  and  the  organic  layer  wbb  dried  (Na2SO^).  This 
solution  contained  3.4  kg  (31%)  of  essentially  pure  2,2,6,6-tetra- 
methylpiperidine,  by  nmr  assay,  and  was  stored  in  solution.  The  solvent 
was  evaporated  from  a  200  mL  aliquot  and  the  crude  product  stirred  for 
24  h  over  solid  KOH,  filtered  and  distilled  to  give  2,2,6,6-tetramethyl- 
piperdine,  bp  151-152*0. 
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FIGURE  5.  *H  NMR  OF  DILITHIATED  BISAMIDE  QUENCHED  WITH  DzO 
8  3.0-4. 2. 


FIGURE  7.  H  NMR  OF  CUBANE-1 ,4-BIS(N-T-BUTYL-N- 

ETHYLCARBOXAMIDE)-2,7-DICARBOXYLIC  ACID 
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FIGURE  15.  DSC  OF  CUBANE-M-DICARB0XYL1C  ACID 


FIGURE  16.  DSC  OF  CUBANE-l,2,4,7-TETRAOARBOXYLIC  ACID 
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1.  SYNTHESIS  OF  CUBANES  AT  PILOT  PLANT  SCALE 

2.  FORMULATION  AND  PERFORMANCE  TESTING 


ESTIMATED  PARAMETERS  FOR  PROPELLANTS  BASED  ON  TETRASUBSTITUTED  CUBANES 
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